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SOURCE~JERK ANALYSIS USING A SEMI-EXPLICIT
INVERSE KINETIC TECHNIQUE
‘ Gregory D. Spriggs and Ray A. Pederson
Los Alamos National Laboratory, Mail Stop J562, los Alawos, NM 87545

ABSTRACT

A method is proposed for measuring the effactive reproduction factor, i,
in subcritical systemo. The method uses the transient response of a subcri-
tical system to the sudden removal of an extraneous neutron source (i.e., a
source jerk). The response is analyzed using an inverse kinetic technique
that least-squaras fits the exact analytical solution corresponding to a
source-jerk transient as derived from the point-resctor model. It has been
found that the technique can provide an accurate means of measuring k in sys-
tems that are close to critical (1.e., 0.95 <k < 1.0). As a system becomes
more subcritical (1.e., k << 1.0) spatial effects can introduce significant
bisses depending on the source and detector positions. However, methods are
available thst can correct for these biases and, hence, can allov measuriig
gubcriticality in systems with k as low as 0.5.

INTRODUCTICN

Recent interest in measuring k in subcritical systems for which k << 1.0
has spurred the development of several new f.schniques and has reincarnated an
old, but seldom used technique, the "source jerk”. Briefly, the source-jerk
technique is as follows:. A neutron source is placed into a subcritical sys-
ten, and the neutron density is allowed to resach an equilibrium value propor-
tionul to the source strength and inversely proportional to the quantity
(1 - k). The source is then rapidly ejected (or jerked) from the system and
the resultant transient observed. The reactivity of the system is then
inferred from analysis of the transient data. In the past, there have been
two snalysis techniques: (1) the prompt-drop approximation and (2) the inte-
gral=flux method. A brief description of these two methods will be presented
below followed by the description of a new method, "the semi~explicit inverse
kinetic technique”.

PROMPT-DROP APPROXIMATION METHOD

It is not known who originally derived the prompt-drop spproximation,
but the first reference to its use in msasuring the reesctivity of a subcriti-
cal system via the source~jerk tezhnique was made by Jankowski et al.[l]
Using the nomenclature of Hetrick [2), it can be shown that tha reactivity of
the system can be related to the sudden drop in power immediately following
the sourca jerk via
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vhere p = reactivity [defined as (x - 1)/k], B = effective delayed neutron
fraction, L initial equilibrium neutron density, n,= neutron density level
obtained immediately after source jerk, and n,= final equilibrium neutron
density (i.e., background). In the derivstion of Eq. 1, it was assumed that
nonremovable neutron sources may be present in the system. These might in-
clude extraneous neutrons produced by spontaneous fissioning, photo-neutrons,
etc. Note that the reactivity is measured in terms of "dollars” (i.e., p
“"rided bv B)e This is an inherent characteristic of all reactivity measure-
zants bass+d upon the dynamic response of a reactsr. The response is governed
svrictly by the ratio p/8, not p. It should also be noted that Eq. 1 is
de-vived from the point-reactor model, and hence and n, are interpreted to
be sutron donsities proportional to the fundamental mode of the transient

be svior of the neutron density.
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Figure 1
Neutron density as a function of time, illustrating
a source-jerk measurement of reactivity.



Although this method works, in principle, it hss several shortcomings
that have limited its use. First, and foremost, it is very susceptible to
spatial effects produced by the rapid decay of higher flux harmonics present
during the initial portion of the transient, the point in time at which n is
measured. Hence, a poorly positioned detector or source will yield a biased
n;, and an "apparent” reactivity that can be significantly different from the
true reactivity of the system. Second, for highly subcritical systems, n
will be several orders of magnitude lower than nge The counting statistics
at n; may become so low as to produce a large uncertainty in n; and a subse-
quently large uncertainty in the calculated p. And third; because the
prompt—drop approxitation assumes an instantaneous removal of the source, if
the source is not removed in a time that is short compared to the shortest-
lived delayed-neutron group, extrapolating back in time to find n) may become
more tenuous, resulting again in a large uncertainty for p.

INTEGRAL~FLUX METHOD

A vast improvement to the prompt-drop approximation technique was
introduced by Schmid.[3] Rather than just observe the initial behavior of
the nettron density following the source jevk, the integral of the delayed-
neutrera tail following the source jerk is measured and related to the reac-
tivity of the system. This relationship is derived as follows.

Immcdiately following the source jerk, it is assumed that the point-
reactor equations for an arbitrary number of delayed-neutron groups is
applicable. That is,

dn p -8
a? - ( 1 ) n+ zikici + qb , and (2)
! By,
—at— - (T>n - 11C1 » fOI.‘ 1 - 1|2,3..0..' ? (3)

vhere n = nsutron density, t = time, C; ~ delaysd-neutron precursor density
of 1th group, qp = the final effective source strength, ki = decay constant
of 1‘“ precursor group, B8; = delayed-nentron yield of it precursor group,

g = number of delayed-neutron groups, and L = neutron-generation time. Inte-
grating Eqs. 2 and 3 from t = O to t = » yields the following expression,
which relates reactivity (in dollars) to the integral of the neutron density
occurring during the decay of the delayed-neutron tail (Figure 2):
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Figure 2

Integral of the neutron density used in source-jerk analyais.

The first term in the bracket on the right-hand side of Eq. 4 is recognized
as the weighted harmonic-mean decay constant for the delayed-neutvon
precursors. That is,

1 1. B4
o~ in'x'{ . (5)

It is obvious that Ay, is a function of both the effective relative yields and
the decay constants of sach delayed-neutron group for the reactor system upon
vhich the source jerk is performed. Therefore, some additional l"nowledge of
the reactor system is required in order to perform a reactivity mecasurement
using this technique. Using the delayed-neutron parametarn measuied by
Keepin, Wimett, and Zeigler, typical values of A, are shown in the

Table. [ ‘0]



TABLE
DELAYED~-NEUTRON HARMONIC MEAN DECAY CONSTANT

Energy Fuel Ah(l'l)
Thermal 235, 0.0767
Thermal 239p, 0.0648
Therna! 233, 0.0543
1.45 McV 233y 0.0784
1.58 239p,, 0.0683
1.45 233y 0.0559

Because neutron gene-ation times rainge from 103 to 10°8 for most
reactors, the second term in the bracket on the right-hand side of Eq. 4 is
usually negligible in comparison to 1/A,. Contingent upon this condition
being satisfied, Eq. 4 can be .upnn.ﬂ to

(ng = ny)
£ - 0 b
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Although this method represents an improvement over the prompt-drop
approximation, in some respects it still suffers. First, additional informa-
tion atout the reactor is required. The effective delayed-neutron parsmeters
(4.e., Ay and ;) must be known in order to evaluate )A,. Although the vast
majority of renctor systems 1ormally encountered can be well charscterized by
the values shown in the Tabli:, the requirement of knowing the delayed-neutron
parameters does preclude usiig an integral-flux technique on "black-box" type
systems. Thio is in contrast to the prompt-drop method. In that formula~
tion, the only information necessary to measurs the dollars subcritical is
the initial equilidrium power level and the power level immediately following
the source jerk.

Assuming that the additicnal information requirement is not a con-
straint, the integral method is still based upon the point-reactor model and,
as such, requires that the measured neutron densities n and must be pro~
portioral to the fundawental a>de of decay throughout the entire transient if
Eq. 6 is to yield the correct inswer. This can only be accomplished by the
judious choice of both source iind detector position within the reactor syeo-
tem, particularly if k is well below 1.0. As with the prospt-drop method, a
poorly positioned source or detector will yield an "apparent” reactivity that
can be significantly diased frcm the true reactivity.



Several methods have been propesed to convert from an apparent (or
spatially-dependent) reactivity to the true reactivity of the system. Iin
genersl, there have been two approaches. The first approach is to piace the
source and detector(s) in a location where the first harmonic is nulled out,
theredby allowing n and %y to be nearly proportional to the fundamental mode.
However, this method presumes that this node position is known. For ssymme-
tric systems, this presumption may be questionable. The second approach has
bsen to assume that the true reactivity is related to an apparent reactivity
via

(gt-ﬂﬂ@% . (7)

where the correction factor f is a spatially-dependent quantity that must be
deternined from either a direct measurement or a calculation of both the neu-
tron and adjoint fluxes. To date, the adeguacy of Eq. 7 has been shown to be
successful for subcritical systems with k of 0.95 or higher.[5-11)

Although Eq. 7 corrects fo: “e problem that arises from spatial
effects, another potential problem plagues this method of analysis. 1 the
source is not removed instantanecusly, the integral of the neutron dens‘ty
may be altered significantly during the aource-removal “"ramp". For systeus
that are highly subcritical, the contribution to the integral during the
source-renoval ramp may be as large or larger than the contribution from the
entire delayed-neutron tuil. This, obviously, will result in an errcnecus
calculation of reactivity. To circumvent this potuontial problem, a new
method for analyzing scurce-jerk data is proposed as follows.

INVERSE~-KINETIC TECHNIQUE

Rather than intagrete Eqs. 1 and 2, it can be shown that the solut.ion tc
that systen of differential equations for a scurce~jerk transient in a system
subcritical by p/§ corresponds to

’ (8)

n - w (o/8) o“3'570)
ng = 0y Zj :u [ L, 2 A48y ]
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wvhere w, equals ths jth root of the inhour equation, 21 represents the sum
from 1 d ltoi=g, and z represents the sum from j = 1 to J = g+ 1.
Equatior 8 £is valid for t ; tos where top reprereuts an aribtrary time shift.
For t ¢ oo the reactor is at its steady-state value of ng.



Equation 8 describes the time-dependent behavior of the fundamental mode
neutron density. It is noted that the right-hand side of Eq. 8 is a function
of the following paraseters: op/8, 31/5’ Ag» and 2/8. The roots, w;, are
known quantities that can be determined from the inhour equation onte the
above parameters are specified. As with the integral-flux method, this
requires some additional information about the system upon which the source
jerk 1is to be performed. If it is assumed that the delayed-neutron
paraneters sre known, then the right-hand side of Eq. 8 becomes strictly a
function of reactivity (in terms of dollars). Bence, given a power history
produced by a source jerk in s well defined system, it is possible to
determine the reactivity of the system br svccessively interating on p/8
until the nsower history predicted by Eq. 8 matches the observed power history
produced by the source jerk. In order to perform this iteration, a nonlinear
least-squares fitting code has been adapted for this purpose.[12] An
example of a source-jerk transient anslysis using this technique is shown in
Figure 3.

Performing ar analysis of a souce-jerk transient using this technique
improves the experiment in two ways. First, the result becomes only weakly
dependent on the source-removal ramp time. This occurs primariiy because the
relative power, at timec several seconds into the transient, is essentially
identical to the relative power corresponding to a true step removal of the
source. Hence, for source-removal ramp times of 1 second or less, the
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Figure 3
Example of analysis of source-jerk transient usirng the
inverse~kinetic method.



least-squares fit of the data following the source ramp will yield the same
answer as if it were a true step change in source strength. Second, by
analyzing the transient behavior from beginning to end, it is easily ascer-
tained if the delayed-neutron tail is well correlated by the choice of the
delayed-neutron parameters sssumed for that system by visually comparing the
data against the least-squares fit.

On the other hand, the inverse-kinetic wethod still suffers from the
problems that plague both the prompt-drop method and the integral-flux
method. Namely, spatial effects can significantly bias the reactivity
measursment .

CONCLUSIONS

Measuring reactivity of a subcritical system by way of a source jerk is
an easy and viable technique. It requires very little electronic equipment
and can be performed in less than 30 minutes. Depending on the method chusen
to analyze the transient data (i.e., the prompt-drop, the integral-flux, or
the inverse-kinetic method), the results can be very accurate in the range of
k > 0.95 and can be reasonably accurate in the range of 0.5 < k < 0.95.

The only serious limitation to the use of the source-jerk technique
arises primarily from biases introduced by spatial effects in far suberitical
systems. However, with proper choice of source and detector position, these
biases can be reduced to within acceptable limits.

Currently, work is in progress at Los Alamos to quantify thc biases that
are created by spatial effects in relatively simple systams. Once this work
is completed, more difficult (and perhaps more practical) systems will be
studied in hopes of defining a regime in which k can be measured adequately
using the source-jerk technique.
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